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Abstract
We present, for the first time, the design of an instrument capable of measuring the
high energy (>60MeV) muon-induced neutron flux deep underground. The instru-
ment is based on applying the Gd-loaded liquid-scintillator technique to measure
the rate of multiple low energy neutron events produced in a Pb target and from this
measurement to infer the rate of high energy neutron events. This unique signature
allows both for efficient tagging of neutron muliplicity events as well as rejection of
random gamma backgrounds so effectively that typical low-background techniques
are not required. We present design studies based on Monte Carlo simulations that
show that an apparatus consisting of a Pb target of 200 cm by 200 cm area by 60 cm
thickness covered by a 60 cm thick Gd-loaded liquid scintillator (0.5% Gd content)
detector could measure, at a depth of 2000meters of water equivalent, a rate of
70± 8 (stat) events/year with a background of less than 10 events/year. We discuss
the relevance of this technique to measuring the muon-induced neutron background
in searches for dark matter in the form of Weakly Interacting Massive Particles.
Based on these studies, we also discuss the benefits of using a neutron multiplicity
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meter as a component of active shielding in such experiments.
Key words: Neutron Background; Muon-induced neutrons; High energy neutrons;
Dark Matter; Underground Physics; Neutron Detectors
PACS: 29.30.Hs, 95.35.+d, 95.55.Vj
∗ Corresponding author: R Hennings-Yeomans
Email address: raul@casino.phys.cwru.edu (R. Hennings-Yeomans).
2
1 Introduction
The nature of dark matter is one of the most important outstanding issues
in particle physics, cosmology and astrophysics. A leading hypothesis is that
Weakly Interacting Massive Particles, or WIMPs, were produced in the early
universe and make up the dark matter. So far this matter has only been ob-
served through its gravitational effects. WIMPs cannot be Standard Model
particles and so their discovery would hail a new form of matter. A detection
would also help solve a long-standing riddle in cosmology that even questions
our understanding of gravity. Dark matter is concentrated in the halos of
galaxies, including the Milky Way. If WIMPs make up these halos they can
be detected via scattering from atomic nuclei in a terrestrial detector. Experi-
ments that search for WIMPs are one of the critical science drivers for a Deep
Underground Science and Engineering Laboratory in the United States.
WIMP searches must be performed underground to shield from cosmic rays,
which produce secondary particles that could fake a WIMP signal. Nuclear re-
coils from fast neutrons in underground laboratories are one of the most chal-
lenging backgrounds to WIMP detection. Experiments that search for WIMP
dark matter rely on passive and active shielding to reduce gamma and neu-
tron backgrounds. To reduce the neutron background, passive hydrogen-rich
shielding and active charged-particle detectors are commonly used to moderate
neutrons and veto muon-induced events, respectively. To reduce the gamma
background, high-Z materials such as lead are used to attenuate gammas from
ambient radioactive sources. While the high-Z shielding is effective against
gammas, the shield itself becomes a source of increased neutron background
due to secondary particles produced by unvetoed muon-induced neutrons that
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have energy above about 60MeV. These neutrons have sufficient energy and
low enough cross section on hydrogen that they penetrate the moderator and
reach the gamma shield. They tend to interact there and cause spallation reac-
tions, which produce multiple secondary neutrons with energy below 10MeV.
At these lower energies, the neutrons can reach the inner detector volume and
cause WIMP-like nuclear recoils.
The high-energy neutrons and their parent reactions that originate with cosmic-
ray muons are thus correlated with the unvetoed neutron events that mimic
the WIMP signal. Neutron production by muons underground have been mea-
sured at a span of depths and muon energies, from about 20 meters of wa-
ter equivalent (m.w.e.) depth and 10GeV energy [1,2,3] to 5200m.w.e. and
400GeV [4]. An estimate of the neutron production as a function of muon
energy for muons interacting in liquid scintillator has been obtained by Wang
and co-workers [5] based on Monte Carlo simulations made with FLUKA [6]
that is about a factor of two within the available data at that time for depths
with a mean muon energy above 100GeV. Since we are interested in neutrons
with energy above ∼60MeV, we note this work is primarily sensitive to neu-
trons below this energy range as illustrated by Figure 5 in their paper [5].
Galbiati and Beacom [7] have calculated, using FLUKA [8], the production
rates for 12B in muon–induced showers and have probed the neutron produc-
tion in the energy range of ∼10-100MeV through the 12C(n, p)12B reaction
and the calculation agrees well with measurements of 12B at 2700m.w.e. made
by KamLAND [9].
At higher energies (>100MeV) the shape of the neutron spectrum was com-
pared to FLUKA [6] by Wang [5] and there is about a factor of two discrepancy
with data taken with the liquid-scintillator LVD detector [10] at a depth of
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3650m.w.e and a mean muon energy of 270GeV. Mei and Hime [11] claim that
after making corrections for proton recoil quenching effects, the corrected LVD
data agrees well with the shape of the spectrum predicted with FLUKA simu-
lations. However, the individual who performed the analysis of the data, V.A.
Kudryavtsev has pointed out that this correction is inappropriate [12]. At
present, there is no other data at this energy to inform the production of high
energy neutrons, leaving the discrepancy unresolved. The LVD collaboration
recently presented results on measuring neutron production above 20MeV by
muons in liquid scintillator [13], and a Monte Carlo simulation is under de-
velopment by the collaboration to convert this measurement to an absolute
flux.
Neutron production by 200GeV muons occurs through hadronic showers gen-
erated by the muons interacting in the rock, and to some extent by direct
muon spallation [5]. The CERN NA55 experiment measured neutron produc-
tion via direct muon spallation by looking at the production of fast neutrons
(>10MeV) by 190GeV muons on graphite, copper and lead [14] at three differ-
ent angles from the muon beam. Araujo and co-workers [15] show that this ex-
perimental data lies above the Monte Carlo simulations from between a factor
3 to 10 depending on the measured angle. These measurements could overesti-
mate the rate because of contamination by neutrons produced by secondaries
of the muon-nucleus interaction. The possible systematic uncertainties leave
the matter inconclusive, informing neither muon spallation production nor the
total fast neutron yield above >10MeV.
The measurements to date of neutrons at large depths involve either primary
muon interactions in hydrocarbon liquid scintillator followed by cascade pro-
cesses within the detector [10,16], or muon interactions in higher-Z material
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such as Pb and Cu [17] in which neutron production is dominated by relatively
low-energy electromagnetic properties. Of particular interest for dark matter
experiments, as noted above, is when high-energy neutrons produced in the
rock through muon interactions and hadronic cascades, followed by spallation
in high-Z shielding, lead to a flux of neutrons of mostly 10MeV and below.
In the work described here our simulations and calculations indicate that a
modest size detector, by exploiting the multiplicity distribution of the spalla-
tion events, can provide a normalization of the neutron flux to a precision of
about 12%. By measuring the high energy neutron flux at 2000m.w.e. we will
benchmark the neutron production by muon induced hadronic showers and
provide a normalization of the unvetoed neutron background. We have cho-
sen this depth because the muon-induced neutron production is dominated by
hadronic processes according to Wang and co-workers [5] based on Monte Carlo
simulations made with the particle production and transport code FLUKA [6]
and because the rate is good enough for a modest detector size (see section 2)
to be able to measure a rate of 70± 8 events/year for neutrons >60MeV.
In addition to the interest for the shielding configurations for many dark mat-
ter experiments, improved knowledge and predictibility of the muon-induced
high energy neutron flux (>60MeV) at depth will aid in the understanding
of neutron induced backgrounds in double beta decay experiments. For ex-
ample, as noted by Mei and Hime [11], knowledge of the neutron background
is needed to estimate the background due to elastic and inelastic events that
generate gamma rays near the 2MeV endpoint, and to optimize shielding con-
figurations that also typically involve massive lead and polyethylene shields
to attenuate gammas and moderate neutrons. Thus for two major classes of
low-background underground experiments, dark matter and double beta de-
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cay, a more precise measurement of the neutron background produced in the
appropriate shield components will be of great utility, from the experiment
planning stage through to data analysis.
2 Principle of the Instrument
The instrument we have designed is based on applying the Gd-loaded liquid-
scintillator technique to measure the rate of events with multiple low energy
neutrons produced in a Pb target. Our studies, which are presented in Sec-
tion 3, indicate that at a depth of 2000m.w.e., the dominant source of these
events is due to muon–induced high energy neutrons interacting in the Pb.
Gadolinium has a high thermal-neutron capture cross section, and emits 8MeV
in gamma rays after the capture. Since neutrons thermalize and capture with a
mean of about 10µs, measurements of the distinct capture times is a straight-
forward way to determine neutron multiplicity, and to tag and measure the
underlying process of the fast-neutron production. This method, known as
a Neutron Multiplicity Meter, has a long history of use, dating to searches
for superheavy elements expected to decay to high-neutron-muliplicity final
states [18], and more recently in accelerator-based applications [19].
The basic design of the Neutron Multiplicity Meter applied to measure high en-
ergy neutrons (>60MeV) underground employs the Gd-loaded liquid-scintillator
detector (∼0.5% Gd content) atop a 200-cm-square by 60-cm-thick Pb target
in which high energy neutrons produced by muon interactions in the rock
walls of the cavern will mainly enter from above, penetrate the scintillator,
and cause neutron spallation in the Pb, as illustrated in Fig. 1. The secondary
low energy neutrons produced by the primary high energy neutron leave the
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Pb target and enter the Gd-loaded scintillator, where they are moderated and
thermalized by the protons in the hydrocarbon which comprises the bulk of
the scintillator. Within about 40µs, most will have captured on the gadolin-
ium, and thus the essential problem of detecting neutral particles with high
efficiency has been turned to an advantage: the neutrons which are released
simultaneously are dispersed in time, and individually captured and counted.
As the simulations below illustrate, this unique signature allows both for ef-
ficient tagging of neutron muliplicity events as well as rejection of random
gamma backgrounds so effectively that typical low-background techniques are
not required.
3 Instrument Design Studies
In this section the design characteristics of the Neutron Multiplicity Meter
adapted to measure high-energy neutron flux underground are developed. Ex-
tensive simulation studies of the muon-induced neutron background in the
Soudan Mine at a depth of 2000m.w.e. corresponding to 14 years of exposure
have been performed using FLUKA simulation package [20,21]. These studies,
carried out for background estimates in the CDMS II experiment, are based on
an angular distribution of muons matched to this depth, and normalized to
the measured flux in the CDMS II plastic-scintillator veto system [22]. In the
study, the muons are propagated into a rock-wall cavern modeled as a 6-sided
10-m-thick rock shell surrounding a 4m by 8m by 4m cavity. The CDMS II
experimental setup is inside the cavity and near one of the walls. High energy
neutron production due to muons occurs through direct muon spallation and
subsequent hadronic showers that develop in the rock. The angular distribu-
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tion of neutrons above 60 MeV, as depicted by the distribution in Figure 2,
shows that the neutrons are mostly going downward at angles greater than
about 0.88pi radians, where pi radians corresponds to the direction vertically
downward. Given the predominantly downward direction, the rate of incident
high-energy neutrons is proportional to the area of the Pb target, which defines
the first criterion for the setup.
The next criteria we consider for the Pb target are the optimal thickness and
whether it is best placed above or below the scintillator tank. A simulation
with FLUKA was performed by propagating a beam of 100-MeV neutrons at a
200 cm by 200 cm Pb target with thickness varying from 1 to 100 cm. We gauge
the detectability of a subsequent multiplicity event by counting the number
of secondary neutrons that emerge from the Pb with less than 10MeV and
are thus readily moderated and captured. We define the parameter P for both
the top and bottom surfaces as the fraction of events for which a downward-
direction 100-MeV neutron results in at least 3 low-energy neutrons exiting
either the side from which the neutron beam was incident (top) or the opposite
side (bottom). The overall production point and neutron travel direction is
illustrated in Figure 3, which shows the neutron fluence (neutron track length
per unit volume) in units of cm per cm3 per primary neutron, based on a
FLUKA simulation for a 60-cm-thick target. Quantitative results for P are
shown in Figure 4, where the “Pb target on bottom” means P is calculated for
downward incident neutrons with updward-going secondaries to be detected in
a top-side scintillator detector, and “Pb target on top” means P is calculated
for downward secondaries to be detected bottom-side.
We observe that the emission of neutrons is roughly isotropic as expected, and
that the spallation reaction occurs within the first 15 cm of Pb. Furthermore,
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as the thickness of the target increases beyond 20 cm, more of the secondaries
are going upwards than downwards. This effect is due to backscattering from
the Pb, which acts roughly like a “neutron mirror” for low energy neutrons,
since the elastic collisions off the Pb nuclei do little to reduce the energy of the
comparatively light neutrons. Most important for the overall configuration, we
see that since the primary interaction rate is still increasing with thickness, the
backscatter effect indicates that the multiplicity rate is higher on the top side,
and higher for increasing thickness. To maximize the detected multiplicity
rate, it is better to place the scintillator atop the Pb, which also has the
advantage of tagging muons that strike the Pb directly.
So far, the detector configuration is to have the Gd-loaded scintillator on top
of the Pb target. Since neutrons with an energy less than about 60MeV will
scatter off the protons in the scintillator, they will tend to either fail to reach
the Pb or reach it with insufficient energy to produce a multiplicity of 3 or
more. In other words, the scintillator will filter low energy neutrons and to-
gether with the requirement that the event has a multiplicity threshold of 3
or more secondary neutrons this will select only those primary neutrons with
an incident energy of 60MeV or more. To illustrate that high energy neutrons
(>60MeV) induce a multiplicity of 3 or more low energy neutrons on a Pb
target, Figure 5 shows the induced detectable multiplicity, for a geometry of
the Pb to have an area of 200 cm by 200 cm normal to the vertical, a thickness
of 100 cm, and an incident downward-going neutron beam in FLUKA at en-
ergies of 60, 100, and 200MeV. The detectable multiplicity was estimated by
counting the number of neutrons below 10MeV that enter a top-side detector
with the same footprint as the Pb. The resulting multiplicity distributions for
the three energies are shown in Figure 5, where “Event Fraction” corresponds
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to the fraction of events with respect to the total number of incident neutrons.
The plot shows that the majority of the events have a detectable multiplicity
of 3 or more, and that there is an increase in multiplicity with primary neu-
tron energy and although some information on the primary neutron energy
is potentially available from the multiplicity distributions; at least an energy
threshold on the primary neutron energy can be established using multiplicity,
which has a fairly sharp turn on at 60MeV for a multiplicity threshold of 3.
It is important to estimate the efficiency of the selection criteria for tagging
high-energy neutron events as a function of multiplicity so that an optimiza-
tion can be made to reject random coincidences and still achieve good effi-
ciency for neutron-induced events. We identify a class of “clean” multiplicity
events, that is, those that are clearly produced by high energy neutrons in-
teracting in the target as opposed to other charged particles or gamma rays
that may also have been produced by the parent muon. To estimate the rate
of these events as a function of multiplicity we use the events with neutron
energy above 60MeV from our 14–year Soudan simulation in which associated
gamma rays, muons, or hadrons deposit less than 2MeV in the scintillator.
The multiplicity is counted by considering only those secondaries with energy
less than 10MeV entering a top-side detector, and is plotted in Figure 6. To
see the effect of tightening the multiplicity cut to reduce the probability of
random coincidences, the integral number of multiplicity-tagged events per
year is plotted versus the minimum required multiplicity, and is displayed in
Fig. 7. The total number of events changes only by about 10% between a
minimum multiplicity of 3 and 10.
In determining the optimal thickness of the scintillator modules, we consider
two requirements: the moderation of the secondary neutrons, and the absorb-
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tion of the Gd capture gammas. The FLUKA simulation predicts that the
spectrum of neutrons emerging from the Pb falls off almost completely by
5MeV, as shown in Figure 8. A scintillator region of 10 cm thickness would
be sufficient to moderate them. However, we find that containing the capture
gammas requires a thicker detector. In order to find the optimal thickness, we
used the low-energy simulation code, MCNP-PoliMi [23], which includes the
neutron-capture process. A beam of 0.5-MeV neutrons was propagated from
the Pb up to a top-side scintillator tank, and the thickness of the tank was
varied. In Fig. 9 the efficiency to detect the gamma cascade with a 3-MeV
threshold is shown as a function of scintillator thickness. To allow for resolu-
tion effects, we choose 3MeV as the nominal lower analysis threshold to gain
immunity from gammas from natural radioactivity, the highest of which comes
from 208Tl with an energy of 2.6MeV. We find that the detection efficiency
increases with thickness because of improved containment of the gamma cas-
cade. The efficiency to detect 3MeV energy depositions from gamma-rays in
the Gd-loaded scintillator tanks is considered to be 100%, as this can be easily
achieved with a 5” PMT for the configuration shown in Fig. 1.
To assess the rate of background coincidences that can mimic the signal, we
consider not just the energy criteria of nominally 3–8MeV for individual cap-
tures, but also the time distribution of the captures. The time profile for the
moderation, thermalization, diffusion and capture of multiple neutrons re-
leased simultaneously into the scintillator is broad, with a peak at about 10µs
after emission and about 90% of captures ocurring within the first 30µs. It
is the diffusion of the neutron what dominates the time between moderation
and capture. A neutron burst results in a cleanly-separated readily-counted
pulse train since the pulse widths of about 10 ns are narrow compared to the
12
typical time between captures of order 1µs.
Ambient gamma rays, which dominate the rate of random events in the de-
tector, can mimic a high energy neutron event due to accidental coincidences
within the time and energy window defined for multiplicity events. The rate of
gamma-induced background as a function of the multiplicity criterion is shown
in Fig. 10 for a time window of 40µs and three different gamma rates. The
gamma rate at Soudan expected in the Gd liquid scintillator volume is about
600 Hz, based on gamma rates measured with the CDMS II plastic scintillator
panels for a 1MeV threshold [24]. A reduction of an order of magnitude in
rate can be achieved with a threshold of 3MeV, which will render the rate
of accidental 3-fold multiplicity events to 10−2 per day, or about one order of
magnitude below the multiplicity rate predicted from high-energy neutrons in-
teracting in the Pb. Further reduction of the gamma ray rate can be achieved,
if necessary, with a thin layer of Pb surrounding the scintillator. Alternatively,
immunity from random coincidences can be gained by increasing the multi-
plicity criterion.
We also consider the background due to neutrons from radioactivity, which
are dominated by alpha-n reactions in the rock originating from alpha decays
in the uranium and thorium decay chains. The ambient rate of neutrons from
radioactivity at Soudan is estimated from the measurements of the U/Th con-
tamination in the Soudan rock [25] and cross referenced with measurements of
both the U/Th level and neutron flux at the Kamioka mine [26]. The resulting
flux estimate of about 2× 10−5 neutrons/cm2/sec produces a rate of about 3
neutrons/sec in a detector with a scintillator volume of 200×200×60 cm3, and
is a negligible source of multiplicity events.
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Spontaneous fission from the 238U in the rock could in principle produce events
with multiplicity of 3 or more, although the most frequent multiplicity is 2.
However, the relative rate of fissions to gammas from 238U in secular equilib-
rium is down by 6 orders of magnitude. If the entire rate of ambient gammas is
attributed to 238U, the expected rate of multiplicity events from fission would
still be negligible. However, if needed, a layer of 10–20 cm of polyethylene can
easily shield them.
Events in which the muon itself passes through the scintillator are also consid-
ered. Most minimum ionizing muons will have sufficient pathlength of about
5 cm in the scintillator to be readily distinguished from Gd capture, allowing us
to study muon-tagged events. For example, some of these muons will interact
directly in the Pb, and produce a detectable population of neutron multi-
plicity events. While these events are of interest, they are dominated by low
energy electromagnetic processes [16] and so are not as useful a cross check
on the unvetoed population, which is dominated by higher-energy hadronic
processes.
These tagged muon events will be identified by requiring more than 9MeV in
the scintillator, that is, above the maximum that can be caused by a neutron
capture. However, this criterion will also include some events with no muon
in the scintillator but which have instead a high-energy neutron that deposits
more than 9MeV by scattering in the scintillator. Based on a FLUKA simu-
lation, the fraction of high-energy neutrons impinging on the apparatus that
are in this category is about 35%, and will not be counted in the muon-free
category of multiplicity events (which corresponds to the main population of
interest, i.e., high energy neutrons produced by muons in the rock). The re-
maining 65% of incoming neutrons will deposit less than 9MeV of prompt en-
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ergy from the initial scatter followed by spallation of the Pb. When the prompt
energy in these neutron-scatter-plus-multiplicity events is 3–8MeV, it will be
indistinguishable from events without a neutron scatter but one unit higher
multiplicity. For example, a multiplicity-three event with 7MeV of prompt en-
ergy will, to first approximation, appear the same as a multiplicity-four event
with prompt energy below the 3-MeV threshold. Since both of these events
are due to a high energy neutron, the inferred rate of high energy neutrons
will not be biased.
Finally, muons that deposit less than 8–9MeV in the scintillator (or none at
all) but interact in the Pb and cause multiplicity events, represent a potential
background to the multiplicity events due to high-energy neutrons. Of the
estimated 350muons/day that will pass through the Pb, there could be a few
per day that cause such an event. However, these could be vetoed with a
simple set of veto counters placed below the lead, and used in anticoincidence.
In summary, our design studies show that an apparatus consisting of a Pb
target of 200 cm by 200 cm area by 60 cm thickness covered by a 60-cm-thick
scintillation detector with Gd-capture detection efficiency of εs(T ), where T is
the low energy threshold for each distinct capture, and assuming an efficiency
to detect 3MeV gamma-rays in the Gd-scintillator tanks close to 100%, will
yield a rate for M-fold multiplicity-tagged events of
R = N (1− 0.35) (εs(T ))
M events/year,
where N is the number of high-energy neutrons that induce an event with M
or more detectable neutrons emerging from the Pb and entering the scintilla-
tor, and the factor of (1−0.35) is due to neutron interactions in the scintillator
that exceed the high energy threshold. Our FLUKA and MCNP-PoliMi simu-
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lations indicate that M=3 gives N=255 and T=3MeV gives εs(T )=0.75, and
therefore R = 70 ± 8 events/year. Depending on the actual gamma rate and
spectrum, some optimization is possible for increasing R but protecting against
random multiplicity events, for example, by increasing the multiplicity require-
ment and lowering the energy threshold. Generally speaking, our method is
capable of measuring the rate of high-energy neutrons to about 12% statistical
error in the span of a year at a depth of 2000m.w.e. The expected number of
background events, which is dominated by the rate of random gamma-induced
coincidences, is expected to be at most 10 events/year, and could be further
suppressed by optimizing the multiplicity and energy thresholds. Note that
we are not trying to deconvolve the primary neutron energy based on the de-
tectable multiplicity shown in Figure 6. Nevertheless, we can set a threshold
on the primary neutron energy because unvetoed events with a multiplicity
of 3 or more will be neutrons with a minimum energy of ∼60MeV given that
lower energy “primary” neutrons will scatter with protons in the scintillator
and reach the Pb target with much lower energy.
4 Discussion of other potential applications within shielding for
Underground Dark Matter Experiments
In this section we present an application of a neutron multiplicity meter de-
tector to a running dark matter experiment that serves as both an active
shield and a monitor of the presence or rate of background events due to
high energy neutrons. The idea exploits the same technique as a purpose-built
instrument for background studies as described above. It’s principal virtue
in a WIMP search experiment is that it can closely monitor when a neutron
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background would appear in the data. A Gd-loaded liquid scintillator detector
integrated into the shield would detect, using the multiplicity technique, the
same population of events that cause a flux of low energy neutrons inside the
shieldedWIMP detector volume, namely, neutron multiplicity events produced
in a Pb gamma shield by an otherwise undetected high energy neutron. Since
the underlying processes are the same, Monte Carlo simulations would give
a very reliable measure of the ratio of the rate of multiplicity events in the
external detector to the rate of WIMP-like events in the dark matter detectors
due to the same neutron population.
Similar techniques to detect the presence of background sources have been suc-
cessfully used, for example in the CDMS-I [27] and CDMS-II [28] experiments
where multiple simultaneous nuclear-recoil events were used to determine the
rate of single scatter nuclear recoils due to the same neutron background flux.
The ratio of multiple nuclear recoil events to single nuclear recoils has the
advantage of having a negligible source of systematic uncertainty since the
neutron elastic cross sections on Ge and Si are very well known. Nevertheless,
the rate of multiple nuclear recoil events is lower than the rate of single nu-
clear recoil events, and the uncertainty in the singles rate is dominated by the
fluctuations of the multiples when only a small number has been observed.
In other words, tagged events that are correlated with the production of a
single nuclear recoil due to a neutron can be used to statistically predict the
absolute number of these nuclear recoils. If we call these tagged events “back-
ground predictors” then the number of unvetoed singles can be estimated
by determining the ratio of single nuclear recoils to the background predic-
tor events with a Monte Carlo simulation, and then counting the number of
background-predictor events in the experiment. Narrowing the statistical and
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systematic uncertainty of this ratio improves the ability to monitor and sub-
tract the neutron background. Dark matter experiments that have a Pb layer
or any high-Z material as their gamma shield could use an external multi-
plicity meter to predict, in a statistical way, the number of unvetoed nuclear
recoils due to neutrons. The background predictor events with high multiplic-
ity are detected in the multiplicity meter outside the high-Z material. A virtue
of this configuration is that the gamma background due to contaminants in
the scintillator and Gd are shielded by the high-Z material.
As a further illustration based on Fig. 4 for 100MeV incident neutrons and a
typical 15-20 cm thick gamma shield made of Pb, the fraction of high energy
neutron events that produce multiple low energy neutrons going inside a Pb
box will be roughly the same as outside. For example, the use of 60-80 cm
of Gd-loaded liquid scintillator outside the gamma shield layer allows the
moderation of low energy neutrons originating from the radioactivity in the
rock and at the same time functions as a neutron multiplicity counter that
would allow the prediction of the number of neutron-induced events in the
signal region. Note that the multiplicity threshold in this case should be set
high enough so that gamma induced multiplicity events are kept at a negligible
level, since the Pb layer would be about 20 cm thick.
The effect plotted in Fig. 4 shows that the low energy neutrons produced from
the neutron spallation reaction can be detected by clean low energy neutron
detectors inside the gamma-ray shield (for example with plastic scintillator)
but we have also found that outside of the gamma-ray shield, a 60-80 cm of
Gd-loaded liquid scintillator with a threshold of a few MeV, would work as
an active veto complementing the veto inside the gamma shield (or as a stan-
dalone veto depending on rejection requirements) and as a monitor of the
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muon-induced neutron background. Note that the thickness of the scintillator
outside the gamma-shield is driven by trying to contain the gamma rays pro-
duced in the capture of a neutron by the Gd in order to have a high threshold
to defeat ambient gammas from radioactivity, and also to keep moderating
with high efficiency the neutrons produced from the radioactivity in the rock.
5 Conclusions
We have designed an instrument capable of measuring the high energy (>60MeV)
muon-induced neutron flux deep underground. The instrument is based on
applying the Gd-loaded liquid-scintillator technique to measure the rate and
multiplicity of low energy neutron events, and exploiting that the dominant
source of events with multiplicity greater or equal to 3 are high energy neutron
interactions. This unique signature allows both for efficient tagging of neutron
muliplicity events as well as rejection of random gamma backgrounds so effec-
tively that typical low-background techniques are not required. These design
studies based on Monte Carlo simulations show that an apparatus consisting
of a Pb target of 200 cm by 200 cm area by 60 cm thickness covered by a 60 cm
thick Gd-loaded liquid scintillator (0.5% Gd content) detector could measure,
at a depth of 2000m.w.e., a rate of 70 ± 8 (stat) events/year. The expected
number of background events is expected to be below 10 events/year and
could be further suppressed by increasing the multiplicity threshold. We have
discussed the relevance of this technique to monitor the muon-induced neu-
tron background in searches for dark matter in the form of Weakly Interacting
Massive Particles and, based on these studies, we also discuss the benefits of
using a neutron multiplicity meter as a component of active neutron shielding.
19
6 Acknowledgments
The authors thank the National Science Foundation for financial support un-
der grant numbers PHY-0503729 and AST-9978911. We also thank H.F. Nel-
son, M.R. Dragowsky, R.W. Schnee, S. Yellin, and D.R. Grant for useful dis-
cussions and comments. We also thank J.F. Beacom and V.A. Kudryavtsev
for critical reading of the paper.
References
[1] F. Boehm et al., Phys. Rev. D 62, 092005 (2000).
[2] R. Hertenberger, M. Chen, and B.L. Dougherty, Phys. Rev. C 52, 3449 (1995).
[3] L.B. Bezrukov et al., Yad. Fiz. 17, 98 (1973) [Sov. J. Nucl. Phys. 17, 51 (1973)].
[4] M. Aglietta et al., Nuovo Cimento Soc. Ital. Fis., C 12, 467 (1989).
[5] Wang et al., Phys. Rev. D 64, 013012 (2001).
[6] A. Fasso‘ et al., Proceedings of the 3rd Workshop on Simulating Accelerator
Radiation Environments (SARE 3), edited by H. Hirayama, KEK Proceedings
No. 97-5 (KEK, Tsukuba, Japan, 1997), p. 32.
[7] C. Galbiati and J.F. Beacom Phys. Rev. C 72, 025807 (2005)
[8] A. Fasso‘ et al., Electron-photon transport in FLUKA: Status, Proceedings of the
MonteCarlo 2000 Conference, Lisbon, October 23-26 2000, A. Kling, F. Barao,
M. Nakagawa, L. Tavora and P. Vaz eds., Springer-Verlag Berlin, p. 159 (2001);
Fass‘o A et al., FLUKA: Status and Prospective for Hadronic Applications,
Proceedings of the MonteCarlo 2000 Conference, Lisbon, October 23- 26 2000,
20
A. Kling, F. Barao, M. Nakagawa, L. Tavora and P. Vaz eds., Springer-Verlag
Berlin, p. 955 (2001).
[9] KamLAND Collaboration, T. Araki et al., it Phys. Rev. Lett. 94, 081801 (2005).
[10] M. Aglietta et al. (LVD Collaboration), in Proc. of 26th Intern. Cosmic Ray
Conf., Salt Lake City (USA), August 17-25, 1999 (hep-x/9905047).
[11] D.-M. Mei and A. Hime, Phys. Rev. D 73, 053004 (2006).
[12] V.A. Kudryavtsev (private communication).
[13] N. Agafonova et al.. Study of muon–induced neutron production, propagation
and energy spectrum with the LVD detector at LNGS, 29th International Cosmic
Ray Conference Pune (2005) 9, 37?40
[14] V. Chazal et al., Nucl. Instrum. and Meth. in Phys. Res., A490, 334 (2002).
[15] H.M. Araujo, V.A. Kudryavtsev, N.J.C. Spooner, and T.J. Sumner, Nucl.
Instrum. and Meth. in Phys. Res., A545, 398-411 (2005).
[16] F.F. Kalchukov et al., Il Nuovo Cimento, 18, 517 (1995).
[17] G.V. Gorshkov and V.A. Zyabkin, Sov. J. Nucl. Phys. 7, 470 (1968); ibid. 12,
187 (1971); G.V. Gorshkov, V.A. Zyabkin, and R.M. Yakovlev, ibid. 13, 450
(1974); ibid. 18, 57 (1974).
[18] E. Cheifetz et al., Phys. Rev. C 6, Vol. 4, 1348 (1972).
[19] U. Jahnke et al., Nucl. Instrum. and Meth. in Phys. Res.,A508, 295-314 (2003).
[20] A. Fasso‘, A. Ferrari, J. Ranft, and P.R. Sala, FLUKA: a multi-particle transport
code, CERN-2005-10 (2005), INFN/TC 05/11, SLAC-R-773.
[21] A. Fasso‘, A. Ferrari, S. Roesler, P.R. Sala, G. Battistoni, F. Cerutti, E.
Gadioli, M.V. Garzelli, F. Ballarini, A. Ottolenghi, A. Empl and J. Ranft,
The physics models of FLUKA: status and recent developments, Computing
21
in High Energy and Nuclear Physics 2003 Conference (CHEP2003), La Jolla,
CA, USA, March 24-28, 2003, (paper MOMT005), eConf C0303241 (2003),
arXiv:hep-ph/0306267.
[22] D.S. Akerib et al. (CDMS Collaboration), Phys. Rev. D 72 052009 (2005).
[23] S.A. Pozzi, E. Padovani, and M. Marseguerra, Nucl. Instrum. and Meth. in
Phys. Res. A513, 550-558 (2003).
[24] J. Sander, CDMS Internal Notes (private communication).
[25] K. Ruddick NuMI-L-210, NuMI-Minos Internal Note, September 1996.
[26] M. Nakahata LRT2004 Conference, http://lrt2004.snolab.ca, December
2004.
[27] D.S. Akerib et al. (CDMS Collaboration), Phys. Rev. D 68, 082002 (2003).
[28] D.S. Akerib et al. (CDMS Collaboration), Phys. Rev. Lett. 96, 011102 (2006).
[29] S. Agostinelli et al., GEANT4 Collaboration, Nucl. Instrum. and Meth. in Phys.
Res., A506 (2003).
22
Fig. 1. Conceptual drawing of the Neutron Multiplicity Meter for Deep Underground
Muon-Induced High Energy Neutron Measurements.
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Fig. 2. Polar angular distribution of the neutrons with energy greater than 60 MeV
incident on the CDMSII shield. Neutrons tend to have downward direction at an
angle of about 0.88pi radians with respect to the normal vector from the floor.
Therefore the area of the target is proportional to the rate of incident high energy
neutrons.
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Fig. 3. Neutron fluence plot of a FLUKA simulation that propagates a beam of
100MeV neutrons on a 60-cm-thick Pb target. The upper and lower rectangles
are reference surfaces delimiting the counting boundary for the upper and lower
neutrons, respectively. The central rectangle from z=0 to 60 is the Pb target. The
plot shows more evaporated neutrons going upwards than downwards (the forward
direction relative to the beam) due to backscattering. This effect also causes very
few neutrons to go forward as the thickness increases above about 20 cm.
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Pb target on bottom
Pb target on top
Fig. 4. Simulation with FLUKA to explore optimal target thickness and position
of the Gd-loaded scintillator tank with respect to the Pb target. The parameter
P is defined as the fraction of events (relative to the number of 100-MeV incident
neutrons) that has 3 or more neutrons of 10MeV or less going towards the top or
the bottom of the Pb target. (See text for details.) Since a given event may have 3
or more neutrons going to the top and 3 or more going to the bottom, it is possible
to have PTOP + PBOTTOM > 1, for example as observed for 40-, 60- and 80-cm
thickness.
26






















Fig. 5. A FLUKA simulation was done with a fixed target thickness of 100-cm
and varying the incident neutron beam energy in order to explore the correla-
tions between the energy of the incident high-energy neutron on the target and
the detectable multiplicity. If we reference the beam direction a “downward,” the
detectable multiplicity is determined by counting the neutrons that reach a surface
just above the Pb target.
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Fig. 6. The detectable multiplicity from a Pb slab of 200 cm by 200 cm area and 60 cm
thickness for the events estimated to be anticoincident with an energy deposition of
2MeV or more from charged particles, including muons and hadrons. The detectable
multiplicity was counted only by looking at neutrons with energy less than 10MeV
going towards a surface on top of the Pb target.
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Fig. 7. The total number of events as a function of minimum multiplicity. The total
number of events changes only by about 10% between a minimum multiplicity of 3
and 10.
29

















Fig. 8. Energy spectrum of secondary neutrons produced by high-energy neutrons
(flux shown in Fig. 2) incident on the Pb target. Neutrons mostly have energy below
5MeV energy, and indicates that the thickness of the scintillator is not driven by
the moderation requirements. Rather, we find that the thickness is driven by the
need to efficiently contain the gammas emitted by the Gd.
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Fig. 9. Simulation with MCNP-PoliMi [23] of the Pb target with Gd-loaded scin-
tillator contained in tanks placed on top of the target. A beam of neutrons with
energy 0.5MeV was propagated from the Pb to the scintillator tank. The thickness
of the scintillator tank was varied. Efficiency corresponds to the fraction of incident
neutrons for which the energy deposited in the Gd-loaded scintillator by gamma
rays is above 3MeV.
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Fig. 10. Ambient gammas can mimic a high energy neutron event due to accidental
coincidences. The rate of gamma-induced background events is plotted as a function
of the multiplicity of the events for a time window of 40 microseconds and three
different gamma rates [18].
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